Introduction
============

Fibrotic disorders, including systemic sclerosis (SSc) and idiopathic pulmonary fibrosis (IPF), are characterized by excessive deposition of extracellular matrix (ECM) components such as collagen and fibronectin (FN) \[[@b1], [@b2]\]. Fibrosis is the result of abnormal ECM remodelling which occurs due to an imbalance of ECM deposition and degradation \[[@b3], [@b4]\]. Activated fibroblasts are a primary source of ECM in fibrotic tissues \[[@b5]\]. Although numerous studies have explored the fibrotic process in different tissues, the exact pathogenic mechanism responsible for fibrosis in SSc and IPF has not been elucidated.

Caveolin-1 (Cav-1) is a 22-kD membrane protein essential for the formation of flask-shaped 50--100 nm membrane invaginations termed caveolae \[[@b6]\]. Since caveolae have a distinctive composition of lipids, including cholesterol and sphingolipids, they serve as a platform for processes such as trafficking, endocytosis and signalling \[[@b7]--[@b9]\]. Cav-1 was recently implicated in fibrosis. Kasper *et al.* first reported abnormal Cav-1 expression in type I pneumocytes during lung fibrogenesis \[[@b10]\]. Tourkina *et al.* subsequently identified a role for Cav-1 in regulating collagen expression in lung fibroblasts \[[@b11]\]. In addition, markedly decreased expression of Cav-1 in primary fibroblasts, lung and skin tissues of patients with SSc and IPF was reported \[[@b12], [@b13]\]. Several studies have shown that Cav-1 regulates a variety of signalling molecules and receptors, including Smad/transforming growth factor (TGF)-β receptor, Akt, extracellular signal-regulated kinase 1/2 (ERK1/2) and mitogen-activated protein kinase (MAPK)/ERK (MEK), which interact with Cav-1 scaffolding domain (CSD) corresponding to amino acids 82--101 of Cav-1 \[[@b14]--[@b16]\]. Further confirmation for the role of Cav-1 in fibrosis was demonstrated in Cav-1 knockout mice, which exhibit a wide range of fibrosis-like lung abnormalities including thickening of lung alveolar septa and presence of hypertrophic type II pneumocytes \[[@b17], [@b18]\].

Insulin-like growth factor binding proteins (IGFBPs) were originally reported as regulators of insulin-like growth factor (IGF)-I function \[[@b19]\]. Secreted IGFBPs serve as carriers of IGF-I and modulate IGF-I actions, either potentiating or inhibiting them. Several studies have reported that IGFBPs also exert IGF-I-independent effects \[[@b20]--[@b23]\]. IGFBP-3 and -5 are the most abundant and conserved IGFBPs, respectively. They are secreted proteins which can also translocate to the nucleus *via* a nuclear localization sequence \[[@b24], [@b25]\]. Nuclear IGFBP-3 and -5 are believed to be derived from the corresponding secreted proteins, and their uptake by cells likely occurs through putative receptors which have not yet been identified \[[@b26]\].

We have previously reported that IGFBP-5 is significantly increased in dermal and pulmonary fibroblasts and tissues of patients with SSc and IPF \[[@b27], [@b28]\]. IGFBP-5 binds ECM components and its deposition in the extracellular milieu is increased in fibrotic cells and tissues \[[@b28]\]. Notably, IGFBP-5 induces the production of ECM components *in vitro* by IGF-I independent mechanisms \[[@b29], [@b30]\] and triggers a fibrotic phenotype *in vivo*\[[@b31]\] that includes induction of ECM production, myofibroblastic transformation and infiltration of mononuclear cells \[[@b29], [@b32]\]. Furthermore, IGFBP-5 triggers significant fibrosis in human skin using an *ex vivo* organ culture model \[[@b33]\].

In this study, we investigated the internalization and nuclear translocation of IGFBP-5 in association with Cav-1 in primary lung fibroblasts. Our findings demonstrate that IGFBP-5 binds Cav-1, is internalized *via* Cav-1-mediated pathways, and subsequently translocates to the nucleus as vesicular-like aggregates that lack a membrane and contain Cav-1. Further, IGFBP-5 is increased in the ECM of fibroblasts from Cav-1 null mice and likely protects ECM components from degradation. Thus, in fibrotic disorders such as SSc and IPF, reduced Cav-1 levels result in increased extracellular levels of IGFBP-5, which then contributes to fibrosis both by inducing ECM production and protecting ECM components from degradation.

Materials and methods
=====================

Primary fibroblast culture
--------------------------

Human primary lung fibroblasts were cultured under a protocol approved by the University of Pittsburgh Institutional Review Board from the explanted lungs of normal organ donors. Mouse primary lung fibroblasts were cultured from lung tissues of C57BL/6J wild-type (WT) mice and Cav-1 null mice (Cav-1^−/−^) (The Jackson Laboratory, Bar Harbor, ME, USA). Approximately 2 cm pieces of peripheral lung were minced and fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM; Mediatech, Herndon, VA, USA) supplemented with 10% fetal bovine serum (FBS), penicillin, streptomycin and anti-mycotic agent, as previously described \[[@b27]\].

Adenovirus construct preparation
--------------------------------

Adenovirus constructs were generated as previously reported \[[@b28]\]. Briefly, the full-length cDNAs of human IGFBP-3 and -5 were obtained by RT-PCR using total RNA extracted from primary human fibroblasts. The cDNAs were subcloned into the shuttle vector pAdlox and used for the preparation of replication-deficient adenovirus serotype 5 expressing IGFBP-3 (Ad3), IGFBP-5 (Ad5), 3× FLAG®-tagged IGFBP-5 (Ad5-FLAG®) or, as a control, no cDNA (cAd) in the Vector Core Facility at the University of Pittsburgh. Replication-deficient adenovirus serotype 5 expressing mouse early growth response (Egr)-1 (AdEgr-1) was generously provided by Dr. John Varga (Northwestern University, Chicago, IL, USA). Human and mouse primary lung fibroblasts were infected with adenovirus at a multiplicity of infection (MOI) of 50. In some experiments, supernatant from 3× FLAG-IGFBP-5-expressing fibroblasts (FLBP-5) was added to fibroblasts in culture. Briefly, fibroblasts were thoroughly rinsed with 1× PBS following infection with Ad5-FLAG® and cultured in fresh media. After 24 hrs, supernatants were harvested and centrifuged for 10 min. to pellet cell debris.

Purification of caveolae-enriched membrane fractions
----------------------------------------------------

Caveolae-enriched membrane fractions were purified as previously described \[[@b34]\]. Briefly, human lung fibroblasts were plated on 100 mm dishes and cultured for 48 hrs untreated or following infection with cAd or Ad5. Cells were homogenized in Triton-*m*-maleimidobenzoic acid *N*-hydroxysuccinimide ester (MBS) buffer \[25 mM 2-(*N*-morpholino)ethanesulfonic acid (MES), 150 mM NaCl, pH 6.5, 1% Triton X-100\], adjusted to 40% sucrose by the addition of an equal volume of 80% sucrose, and overlaid with a 5--35% discontinuous sucrose gradient. The samples were centrifuged at 39,000 rpm for 18 hrs in an SW41 rotor (Beckman Instruments, Palo Alto, CA, USA). Twelve fractions were collected and subjected to Western blot analysis.

Immunoprecipitation
-------------------

A total of 1.2 × 10^6^ fibroblasts were cultured on 100 mm dishes and were either untreated or infected with cAd or Ad5 for 72 hrs and scraped in 350 μl radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate) containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Lysates were incubated with 2 μg Cav-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or control IgG at 4°C. A mixture of agarose beads conjugated with protein A and protein G (Invitrogen Life Technologies, Carlsbad, CA, USA) were added for an additional 4 hrs. Bound complexes were washed with RIPA buffer and resuspended in 50 μl 2× SDS gel-loading buffer (125 mM Tris HCl, pH 6.8, 10% glycerol, 2% SDS, 715 mM mercaptoethanol, 0.003% bromophenol blue) for Western blot analysis.

Transmission electron microscopy
--------------------------------

Cells grown on tissue culture plastic were fixed in 2.5% glutaraldehyde in 100 mM PBS (8 gm/l NaCl, 0.2 gm/l KCl, 1.15 gm/l Na~2~HPO~4~^.^7H~2~O, 0.2 gm/l KH~2~PO~4,~ pH 7.4) for 1 hr at 4°C. Monolayers were washed in PBS three times and post-fixed in aqueous 1% osmium tetroxide, 1% Fe~6~CN~3~ for 1 hr. Cells were washed three times in PBS then dehydrated through a 30--100% ethanol series followed by several changes of Polybed 812 embedding resin (Polysciences, Warrington, PA, USA). Cultures were embedded by inverting Polybed 812-filled Better Equipment for Electron Microscopy (BEEM) capsules on top of the cells. Blocks were cured overnight at 37°C, and then cured for two days at 65°C. Monolayers were pulled off the plastic and re-embedded for cross-sectioning. Ultrathin cross-sections (60 nm) of the cells were obtained on a Riechart Ultracut E microtome, post-stained in 4% uranyl acetate for 10 min. and 1% lead citrate for 7 min. Sections were viewed on a JEOL JEM 1011 transmission electron microscope (JEOL, Peabody, MA, USA) at 80 KV. Images were acquired with a side-mount AMT 2K digital camera (Advanced Microscopy Techniques, Danvers, MA, USA).

Immunoelectron microscopy
-------------------------

Cells were fixed in cryofix (2% paraformaldehyde, 0.01% glutaraldehyde in 0.1 M PBS) and stored at 4°C for 1 hr. Cells were pelleted and resuspended in a small amount of 3% gelatin in PBS, solidified at 4°C, then fixed an additional 15 min. in cryofix. Gelatin-cell block was cryoprotected in polyvinylpyrrolidone (PVP) cryoprotectant overnight at 4°C (25% PVP, 2.3 M sucrose, 0.055 M Na~2~CO~3~, pH 7.4) as described previously \[[@b35]\]. Cell blocks were frozen on ultracryotome stubs under liquid nitrogen and stored in liquid nitrogen until use. Ultrathin sections (70--100 nm) were cut using a Reichert Ultracut U ultramicrotome with a FC4S cryo-attachment, lifted on a small drop of 2.3 M sucrose and mounted on Formvar-coated copper grids. Sections were washed three times with PBS, then three times with PBS containing 0.5% bovine serum albumin and 0.15% glycine (PBG buffer), followed by a 30 min. blocking incubation with 5% normal goat serum in PBG. Sections were labelled with anti-Cav-1 (BD transduction Laboratories, Lexington, KY, USA) and anti-IGFBP-5 (Gropep Ltd., Adelaide, Australia) antibodies. Sections were washed four times in PBG and labelled with goat anti-rabbit (5 nm) or goat anti-mouse (10 nm) gold conjugated secondary antibodies (Amersham Biosciences, Piscataway, NJ, USA), each at a dilution of 1:25 for 1 hr. Sections were washed three times in PBG, three times in PBS, then fixed in 2.5% glutaraldehyde in PBS for 5 min., washed two times in PBS and six times in ddH~2~O. Sections were post-stained in 2% neutral uranyl acetate, for 7 min., washed three times in ddH~2~O, stained 2 min. in 4% uranyl acetate, then embedded in 1.25% methyl cellulose. Labelling was observed on a JEOL JEM 1210 electron microscope at 80 kV.

Western blot analysis
---------------------

Supernatants, cellular lysates and ECM were obtained from cultured fibroblasts as previously described \[[@b28]\] with some modifications. Briefly, 2.0 × 10^5^ primary fibroblasts were cultured in 35 mm wells. Lysates were harvested using RIPA buffer containing protease inhibitor cocktail. Cellular supernatants and lysates were resuspended in 6× SDS gel-loading buffer. ECM was scraped directly in 200 μl 2× SDS gel-loading buffer as previously described \[[@b28]\]. All samples were analysed by Western blot using one of following antibodies: anti-IGFBP-3, anti-Cav-1, anti-Egr-1, anti-FN, anti-type I collagen α1 chain, anti-GAPDH (Santa Cruz Biotechnology), anti-human IGFBP-5 (Gropep Ltd.), anti-mouse IGFBP-5 (UBI, Lake Placid, NY), anti-α tubulin, anti-58k Golgi protein (Abcam, Inc., Cambridge, MA, USA), anti-FLAG® M2 (Sigma-Aldrich), anti-Histone H3 (Cell Signaling, Beverly, MA, USA) and anti-vitronectin (Bio genesis, Mill Creek, WA, USA). Signals were detected following incubation with horseradish peroxidase-conjugated secondary antibody and chemiluminescence (Perkin Elmer Life Sciences, Inc., Boston, MA, USA).

Preparation of fibroblast nuclear and cytoplasmic extracts
----------------------------------------------------------

Nuclear and cytoplasmic fractions were extracted from cultured human and mouse fibroblasts as previously described \[[@b36]\]. Briefly, 1 × 10^6^ fibroblasts were cultured in 100 mm dishes and scraped with 400 μl of Buffer A \[10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-KOH pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl, 0.5 mM dithiotheitol, 0.2 mM phenylmethylsulfonyl fluoride (PMSF)\]. Lysates were incubated on ice for 10 min. After centrifugation at 12,000 rpm for 30 sec., supernatant (cytoplasmic extract) was harvested. The pellet was washed three times using 400 μl buffer A to remove any residual cytoplasmic extracts and resuspended in 100 μl Buffer C \[20 mM HEPES-KOH pH7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl~2~, 0.2 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM dithiothreitol (DTT), 0.2 mM PMSF\] on ice for 20 min. with intermittent vortexing. After centrifugation at 12,000 rpm for 30 sec., supernatant (nuclear extract) was harvested. Nuclear and cytoplasmic extracts were stored at --80°C, and used for Western blot analysis.

Immunocytostaining
------------------

Human or mouse fibroblasts were cultured on cover slips coated with type I collagen (BD Biosciences, Belfold, MA, USA). After infection with adenoviral constructs for 48 hrs, cells were fixed for 20 min. in PBS containing 2% paraformaldehyde or methanol and acetone (1:1), and permeabilized with 0.1% Triton X-100 for 15 min. Cover slips were blocked with 5% serum for 1 hr, and incubated with anti-IGFBP-5 (Gropep Ltd.) or anti-Cav-1 (BD transduction Laboratories) antibodies followed by Alexa Fluor® 488- or 555-conjugated donkey anti-mouse or anti-rabbit antibodies (Invitrogen). Appropriate IgG was used as a control antibody. Hoechst (Sigma-Aldrich) was used to identify nuclei. Images were taken on an Olympus Fluoview 1000 microscope (Olympus America, Inc., Melville, NY, USA) using identical camera settings.

IGFBP-5 degradation assay
-------------------------

A total of 2.0 × 10^5^ WT and Cav-1^−/−^ lung fibroblasts were seeded in 35 mm wells and cultured in serum-free medium for 24 hrs. Conditioned media were harvested and centrifuged to remove cell debris. Supernatants were mixed with recombinant IGFBP-5 protein (rBP5; final concentration 500 ng/ml), and incubated at 37°C for 1 hr. A 6× SDS gel-loading buffer was added, and samples were subjected to Western blot analysis for the detection of IGFBP-5.

Detection of IGFBP-5 mRNA
-------------------------

IGFBP-5 and β-actin mRNA expression in cultured fibroblasts was examined using RT-PCR. Total RNA from WT and Cav-1^−/−^ fibroblasts was extracted using TRIzol®. First-strand cDNA was synthesized using random primers and Superscript™ II reverse transcriptase (Invitrogen). IGFBP-5 and β-actin mRNAs were detected by PCR using cDNA (50 ng total RNA equivalent) as a template. Primer sets were forward: 5′-GAGGTGGTGACAGAGCAGGT-3′, reverse: 5′-TCTCGGAGTCTGGCTTTACC-3′ to amplify mouse IGFBP-5 (600 bp), and forward: 5′-ATGTTTGAGACCTTCAACAC-3′, reverse: 5′-CACGTCACACTTCATGATGG-3′ to amplify β-actin (494 bp). PCR products were separated by electrophoresis on 1% agarose gels and stained with ethidium bromide.

Disruption of caveolar structure
--------------------------------

To disrupt caveolae, methyl-β-cyclodextrin (MβCD: Sigma-Aldrich) was used. Briefly, primary lung fibroblasts were incubated in the presence or absence of 10 mM MβCD for 1 hr at 37°C under serum-free conditions.

Silencing of Cav-1
------------------

Cav-1-specific small interfering RNA (siRNA) was purchased from Applied Biosystems/Ambion (Austin, TX, USA). Scrambled siRNA was used as negative control. A total of 2.0 × 10^5^ primary fibroblasts were seeded in 35 mm wells supplemented with DMEM containing 10% FBS but no antibiotics. Cells were transfected with 100 pmol siRNA using Lipofectamine 2000 (Invitrogen) and cultured for 48 hrs prior to harvesting.

Treatment with Cav-1 scaffolding peptide
----------------------------------------

A peptide corresponding to the CSD (amino acids 82--101 of Cav-1; DGIWKASFTTFTVTKYWFYR) and a scrambled control peptide (Cont: WGIDKAFFTTSTVTYKWFRY), carrying the antennapedia internalization sequence (RQIKIWFQNRRMKWKK), were purchased from Calbiochem (San Diego, CA, USA). Human lung fibroblasts at 70--80% confluence were cultured for 16 hrs in serum-free DMEM then treated with 5 μM CSD or Control peptide as previously described \[[@b16]\] for 1 hr. Cells were harvested and used for immunoblotting.

ECM degradation assay
---------------------

Cell culture wells were coated with human FN (Sigma-Aldrich) at 1 μg/cm^2^. Human recombinant IGFBP-5 (Gropep Ltd.) or vehicle (10 mM HCl) was added to the wells and incubated at 4°C for 16 hrs to allow IGFBP-5 to bind FN. The wells were washed with 1× PBS prior to the addition of media conditioned by the culture of normal fibroblasts. Conditioned media were mixed with or without the following protease inhibitors: 10 mM PMSF, 10 mM EDTA, and protease inhibitor cocktail (PI; Sigma-Aldrich), agitated on a shaker for 6 hrs at 37°C, then added to the wells for 48 hrs. ECM was harvested and used for immunoblotting.

Statistical analysis
--------------------

Statistical comparisons were performed using the paired or unpaired Student's t-test as appropriate.

Results
=======

IGFBP-5 localizes to caveolin-1-enriched fractions and binds to caveolin-1
--------------------------------------------------------------------------

We first examined whether IGFBP-5 localized to caveolin-enriched fractions in untreated and IGFBP-5-expressing fibroblasts. As shown in [Figure 1A](#fig01){ref-type="fig"}, IGFBP-5 was detected in Cav-1 containing cellular fractions (fractions 4--6). IGFBP-5 levels in these fractions were more modest in untreated compared to IGFBP-5-expressing fibroblasts, indicating that IGFBP-5 and Cav-1 co-localize in lipid rafts. To determine whether IGFBP-5 binds Cav-1 in human fibrob lasts, co-precipitation assays were used. As shown in [Figure 1B](#fig01){ref-type="fig"}, IGFBP-5 co-precipitated with Cav-1 in both untreated (left panel) and IGFBP-5 expressing (right panel) fibroblasts, demonstrating that IGFBP-5 and Cav-1 form protein complexes at baseline and under high IGFBP-5 expression conditions.

![The localization and binding of Cav-1 and IGFBP-5. (A) Caveolae-enriched membrane fractionation was analysed by immunoblotting for IGFBP-5 and Cav-1. Twelve fractions were obtained from human lung fibroblasts that were infected with cAd, Ad5 or untreated (NT) for 48 hrs using sucrose density gradient fractionation. Eleven fractions (fractions 1--11) were subjected to Western blot analysis for IGFBP-5, Cav-1 and 58k Golgi protein as a control for the fractionation. Different exposure times for NT, cAd and Ad5 are shown as the levels of IGFBP-5 in Ad5 samples were high and the signal was easily saturated. (B) Protein-protein interaction between IGFBP-5 and Cav-1 was examined by immunoprecipitation. Primary lung fibroblasts were NT or infected with Ad5 or cAd at an MOI of 50 and cellular lysates were harvested 72 hrs after treatment. Lysates were immunoprecipitated with anti-Cav-1 antibody or rabbit IgG (IgG). Co-precipitation of IGFBP-5 was examined by immunoblotting (IB). Cav-1 and rabbit immunoglobulins are shown as controls. Left panel: NT cells. Right panel: cAd- or Ad5-infected cells.](jcmm0015-0957-f1){#fig01}

Caveolin-1 translocates to the nucleus in IGFBP-5-expressing fibroblasts
------------------------------------------------------------------------

Since IGFBP-5 is a secreted protein that translocates to the nucleus to exert its transcription-regulatory activity \[[@b20]\], we speculated that the interaction of Cav-1 with IGFBP-5 on the cell membrane may result in nuclear trafficking of both proteins. We therefore examined Cav-1 levels in nuclear extracts of IGFBP-5-expressing primary fibroblasts. As shown in [Figure 2A](#fig02){ref-type="fig"}, the relative distribution of Cav-1 in cytoplasmic and nuclear fractions of non-treated (NT: left panel) and cAd-treated (right panel) primary fibroblasts was comparable. In contrast, Cav-1 levels were 40% greater in nuclear extracts of IGFBP-5-expressing fibroblasts ([Fig. 2A](#fig02){ref-type="fig"}, right part). The nuclear localization of Cav-1 was further confirmed using immunofluorescence. Immunocytostaining of Cav-1 and IGFBP-5 revealed the presence of Cav-1 in the nuclei of IGFBP-5-expressing fibroblasts ([Fig. 2B](#fig02){ref-type="fig"}). Since Jurgeit *et al.* had reported that IGFBP-5 is present in intracellular vesicles outside the nucleus \[[@b37]\], we extended our confirmation of Cav-1 and IGFBP-5 co-localization and nuclear translocation using electron microscopy ([Fig. 3](#fig03){ref-type="fig"}). Vesicle-like structures were detected in the cytoplasm and the nucleus of IGFBP-5 expressing fibroblasts ([Fig. 3B--F](#fig03){ref-type="fig"}) but were not present in control fibroblasts ([Fig. 3A](#fig03){ref-type="fig"}). Extensive analysis of these vesicle-like structures revealed the absence of a membrane, suggesting that they consisted of protein aggregates. Upon entry in these nucleus, aggregates of various sizes seemed to fuse and form larger and denser aggregates ([Fig. 3C--F](#fig03){ref-type="fig"}). Using immuno-electron microscopy, we confirmed that both Cav-1 and IGFBP-5 are components of these aggregates in IGFBP-5-expressing fibroblasts ([Fig. 3G--L](#fig03){ref-type="fig"}).

![Nuclear translocation of Cav-1 in IGFBP-5-expressing fibroblasts. (A) A total of 1 × 10^6^ human lung fibroblasts were cultured on 100 mm dishes and untreated or infected with cAd or Ad5 at an MOI of 50. After 24 hrs, cytoplasmic and nuclear extracts were prepared and expression of Cav-1 was examined by Western blot. Cytoplasmic extracts from 5 × 10^4^ cell-equivalent or nuclear extracts from 1 × 10^5^ cell-equivalent was applied to each lane. α-tubulin is shown as a loading control for cytoplasmic extracts, and histone for nuclear extracts. Left panel: NT cells. Right panel: cAd- or Ad5-infected cells. (B) Expression of IGFBP-5 and Cav-1 was examined by immunofluorescence. Human lung fibroblasts were cultured on cover slips coated with type I collagen. After infection using cAd (A--C) or Ad5 (D--G) for 48 hrs, cells were stained for IGFBP-5 (green) and Cav-1 (red). Hoechst (blue) was used to identify nuclei. Magnification of images ranged from 800× to 1000× on a confocal microscope. Scale bars = 20 μm.](jcmm0015-0957-f2){#fig02}

![Detection of IGFBP-5 and Cav-1 in nuclei by electron microscopy. (A--F) Human lung fibroblasts were infected with cAd (A) or Ad5 (B--F) for 48 hrs, fixed, and analysed by transmission electron microscopy. Cy: cytoplasm; Nu: nucleus; \*: aggregates. (G--L) Ad5-infected human fibroblasts subjected to immuno-TEM. (H) and (I) represent magnified regions of the nucleus shown in (G). (J--L) show higher magnification of gold particles detected in inclusions and protein aggregates in the nucleus. Ten nanometre gold particles (white arrow) identify Cav-1, and 5 nm gold particles (representative white arrowheads) identify IGFBP-5. Size of bars is indicated.](jcmm0015-0957-f3){#fig03}

IGFBP-5 compartmentalization is altered in cytoplasmic and nuclear extracts purified from caveolin-1 deficient fibroblasts
--------------------------------------------------------------------------------------------------------------------------

We next sought to determine whether Cav-1 is required for IGFBP-5 nuclear translocation. Levels of IGFBP-5 were compared in cytoplasmic and nuclear extracts from IGFBP-5-expressing WT and Cav-1^−/−^ fibroblasts. As shown in [Figure 4C and F](#fig04){ref-type="fig"}, compared to WT fibroblasts, Cav-1^−/−^ fibroblasts had significantly lower levels of IGFBP-5 in both the nucleus and cytoplasm. Similar results were observed for IGFBP-3 in Cav-1^−/−^ fibroblasts infected with Ad3 ([Fig. 4D and F](#fig04){ref-type="fig"}). To exclude the possibility that Cav-1 deficiency prevents efficient adenoviral infection, we infected the fibroblasts with an adenovirus expressing human Egr-1, a transcription factor known to localize to the nucleus \[[@b38]\]. Egr-1 levels were comparable in nuclear extracts from WT and Cav-1^−/−^ fibroblasts ([Fig. 4E and F](#fig04){ref-type="fig"}), suggesting that reduced IGFBP nuclear translocation in Cav-1 null fibroblasts is not due to hindrance of adenoviral infection and that nuclear compartmentalization of IGFBP-3 and IGFBP-5 requires Cav-1.

![IGFBP-5 (A--C), IGFBP-3 (D) and Egr-1 (E) levels in cytoplasmic and nuclear extracts from WT and Cav-1^−/−^ fibroblasts. Cytoplasmic and nuclear fractions were extracted from WT and Cav-1^−/−^ fibroblasts that were untreated or infected with the indicated adenoviral constructs for 48 hrs. Cytoplasmic and nuclear extracts were subjected to immunoblotting for the detection of IGFBP-5, IGFBP-3 and Egr-1. α-tubulin is shown as a loading control for cytoplasmic extracts, and histone for nuclear extracts. (F) Graphical summary of data shown in parts (B--E). The signal intensity of each protein in nuclear extracts was normalized to histone, and the ratio of the intensity in Cav-1^−/−^ to WT was calculated. Differences in levels between WT and Cav-1^−/−^ cells were compared using the unpaired t-test. Horizontal bars indicate mean values of two independent experiments. \*\**P* \< 0.01.](jcmm0015-0957-f4){#fig04}

Absence of caveolin-1 is associated with low intracellular and high extracellular levels of IGFBP-5
---------------------------------------------------------------------------------------------------

Having observed a lack of IGFBP-5 in the cytoplasmic and nuclear fractions of IGFBP-5-expressing Cav-1^−/−^ fibroblasts, we compared intracellular IGFBP-5 levels to those secreted and deposited in the ECM. As shown in [Figure 5A](#fig05){ref-type="fig"}, IGFBP-5 levels were significantly reduced in lysates of Cav-1^−/−^ fibroblasts. This was further confirmed using immunocytochemistry ([Fig. 5B](#fig05){ref-type="fig"}). In contrast to cellular lysates, IGFBP-5 levels in the extracellular milieu in both media conditioned by IGFBP-5 expressing Cav-1^−/−^ fibroblasts and the ECM deposited by the cells were higher than those in their WT counterparts ([Fig. 5C](#fig05){ref-type="fig"}). IGFBP-5 can be proteolytically cleaved by several different proteases, and increased extracellular levels of IGFBP-5 can result from reduced IGFBP-5 degradation. To compare IGFBP-5 degradation in WT and Cav-1^−/−^ fibroblasts, we used a degradation assay. As shown in [Figure 5D](#fig05){ref-type="fig"}, levels of intact rBP5 were comparable in the presence of media conditioned by WT and Cav-1^−/−^, indicating that the absence of Cav-1 does not modulate the extracellular degradation of IGFBP-5. To further evaluate the effects of Cav-1 on IGFBP-5 expression, we examined steady-state mRNA levels of IGFBP-5 in WT and Cav-1^−/−^ fibroblasts. At baseline, Cav-1^−/−^ lung fibroblasts had significantly higher IGFBP-5 mRNA levels compared to WT cells ([Fig. 5E](#fig05){ref-type="fig"}), likely a compensatory response to the reduced intracellular protein levels of IGFBP-5 in Cav-1^−/−^ fibroblasts.

![IGFBP-5 levels in lysates, supernatants and ECM of WT and Cav-1^−/−^ lung fibroblasts. Cultured WT and Cav-1^−/−^ fibroblasts were infected with cAd and Ad5 at an MOI of 50. Lysates, supernatants and ECM were harvested after 48 hrs (A) or 72 hrs (C). Levels of IGFBP-5 were analysed by immunoblotting of lysates (A), supernatants (SUP) and ECM (C). GAPDH and vitronectin were used as loading controls for lysates and ECM, respectively. For the supernatant, an equivalent amount of total protein was loaded in each lane. Graphical summary of IGFBP-5 expression in lysates (A) and ECM (C) from WT and Cav-1^−/−^ fibroblasts. The unpaired t-test was used for statistical analysis. Horizontal bars indicate mean values of three independent experiments for (A) and two independent experiments for (C). \**P* \< 0.05, \*\**P* \< 0.01. (B) IGFBP-5 and Cav-1 localization was examined by immunocytostaining. WT and Cav-1^−/−^ fibroblasts were cultured on cover slips coated with type I collagen. After infection with Ad5 for 48 hrs, cells were stained for IGFBP-5 (green) and Cav-1 (red). Hoechst (blue) was used to identify nuclei. Magnification of images was 600× on a confocal microscope. Scale bars = 20 μm. (D) Western blot analysis of rIGFBP5 levels following 1 hr incubation with media conditioned by WT and Cav-1^−/−^ fibroblasts. (E) Steady-state mRNA levels of mouse IGFBP-5 in NT, WT, and Cav-1^−/−^ fibroblasts. β-actin was used as a control. Normalized IGFBP-5 mRNA levels in WT were arbitrarily set at 1. Horizontal bars indicate mean values of three independent experiments. The unpaired t-test was used for statistical analysis.](jcmm0015-0957-f5){#fig05}

Caveolin-1 regulates nuclear compartmentalization of IGFBP-5
------------------------------------------------------------

Increased levels of extracellular IGFBP-5 and decreased intracellular levels in Cav-1^−/−^ mouse fibroblasts led us to speculate that Cav-1 might regulate the internalization of secreted IGFBP-5. To determine if secreted IGFBP-5 requires Cav-1 for internalization, 3× FLAG-tagged IGFBP-5 (FLBP-5) secreted by WT fibroblasts was added to WT and Cav-1^−/−^ fibroblasts. After 15 min., IGFBP-5 levels corresponding to internalized protein were detected in cellular lysates using anti-FLAG antibody. As shown in [Figure 6A](#fig06){ref-type="fig"}, Cav-1^−/−^ fibroblasts had lower intracellular IGFBP-5 levels compared with WT fibroblasts, indicating that Cav-1 facilitates IGFBP-5′s internalization. To differentiate caveolin-containing caveolae from lipid rafts, we disrupted fibroblast lipid rafts with MβCD. To reduce Cav-1 levels and emulate those in fibrotic disease, we also silenced Cav-1 expression using sequence-specific siRNA. Silencing Cav-1 resulted in a 52% reduction in corresponding protein levels. Purified 3× FLAG-tagged IGFBP-5 was then added to these fibroblasts, and lysates were harvested after 5, 15 and 30 min. Tagged IGFBP-5 was detected using anti-FLAG antibody. Whereas uptake of tagged IGFBP-5 increased in a time-dependent manner in control fibroblasts, lower levels of IGFBP-5 were observed in lysates of fibroblasts treated with MβCD and those in which Cav-1 was silenced 15 and 30 min. following the addition of FLAG-tagged IGFBP-5 ([Fig. 6B, C](#fig06){ref-type="fig"}). The decrease in IGFBP-5 uptake reached significance at 30 min. ([Fig. 6B and C](#fig06){ref-type="fig"}, right panels). Depletion of cholesterol and silencing of Cav-1 both reduced cellular uptake of IGFBP-5, suggesting that both Cav-1 and intact caveolae contribute to the internalization of IGFBP-5.

![Internalization of IGFBP-5. (A) WT and Cav-1^−/−^ fibroblasts were plated at 70% confluence in serum-free media. FLAG-tagged IGFBP-5 (FLBP-5) was added to each well. After 15 min., lysates were harvested and subjected to Western blot analysis. IGFBP-5 in lysates from WT and Cav-1^−/−^ fibroblasts was detected using anti-FLAG M2 antibody. GAPDH was used as a loading control. Normalized FLBP-5 levels in WT fibroblasts were arbitrarily set at 1. Horizontal bars indicate mean values of two independent experiments. The unpaired t-test was used for statistical analysis. \**P* \< 0.05. (B) WT fibroblasts were cultured with (+) or without (-) 10 mM MβCD for 1 hr in serum-free media, and FLBP-5 was added to each well. After 5, 15 and 30 min., lysates were harvested and subjected to Western blot analysis. IGFBP-5 in lysates was detected using anti-FLAG M2 antibody. GAPDH was used as a loading control. Horizontal bars indicate mean values of three independent experiments. Data were analysed using the paired t-test. \**P* \< 0.05. (C) WT fibroblasts were transfected with control scrambled siRNA (C) or siCav-1 (Cav) for 48 hrs, and then FLBP-5 was added to each well. After 5, 15 and 30 min., lysates were harvested and subjected to Western blot analysis. IGFBP-5 in lysates was detected using anti-FLAG M2 antibody. GAPDH was used as a loading control. Horizontal bars indicate mean values of three independent experiments. Data were analysed using the paired t-test. \**P* \< 0.05.](jcmm0015-0957-f6){#fig06}

IGFBP-5 trafficking can be restored by restitution of Cav-1 function
--------------------------------------------------------------------

The Cav-1 CSD peptide can bind to a variety of proteins, and restoration of Cav-1 function can be accomplished by delivery of Cav-1 CSD \[[@b39]\]. We used a cell-permeable Cav-1 CSD peptide at concentrations shown by others to restore Cav-1 function \[[@b12], [@b16]\], to evaluate whether restoration of Cav-1 function facilitates normal uptake of IGFBP-5. Briefly, Cav-1^−/−^ fibroblasts were treated with 5 μM Cav-1 CSD peptide for 1 hr, and then purified FLAG-tagged IGFBP-5 was added. Fibroblasts were harvested and IGFBP-5 levels were detected by immunoblotting. As shown in [Figure 7](#fig07){ref-type="fig"}, restoration of Cav-1 function in Cav-1^−/−^ fibroblasts using Cav-1 CSD peptide dramatically increased IGFBP-5 internalization, thus restoring IGFBP-5 trafficking.

![IGFBP-5 uptake following restoration of Cav-1 function. (A) WT or Cav-1^−/−^ fibroblasts were treated with Cav-1 CSD peptide (CSD) or control peptide (Cont) for 1 hr in serum-free medium, then FLAG-tagged IGFBP-5 (FLBP-5) was added. After 15 min., lysates were harvested and subjected to Western blot analysis. IGFBP-5 levels in lysates were detected using anti-FLAG M2 antibody. GAPDH was used as a loading control. (B) Graphical analysis of IGFBP-5 levels in lysates of WT and Cav-1^−/−^ fibroblasts following 1 hr incubation with Cav-1 CSD (CSD) or control peptide (Cont). Horizontal bars indicate mean values from four independent experiments. The paired t-test was used for statistical analysis. \**P* \< 0.05.](jcmm0015-0957-f7){#fig07}

IGFBP-5 protects ECM components from degradation
------------------------------------------------

We have previously demonstrated increased expression, secretion, and ECM deposition of IGFBP-5 in primary fibroblasts from patients with SSc and IPF \[[@b27], [@b28]\]. We have also reported that IGFBP-5 induces production of collagen and FN and binds these ECM components \[[@b28]\]. In addition, we and others have reported reduced levels of Cav-1 in primary fibroblasts from patients with SSc and IPF \[[@b12], [@b13]\]. In view of these findings, we speculated that increased IGFBP-5 deposition in the ECM of fibrotic cells resulted from impairment of IGFBP-5 cellular entry due to low expression of Cav-1. We therefore explored the possibility that in cells with reduced Cav-1 levels, IGFBP-5 deposited in the ECM could protect ECM components from degradation, thus contributing to the fibrotic phenotype. Human rBP5 was added to FN-coated plates and allowed to bind overnight. Media conditioned by fibroblasts, presumed to be a source of proteases that can degrade ECM components, was added to the IGFBP-5-bound FN in the presence or absence of protease inhibitors. After 48 hrs, ECM was harvested and FN levels were examined by immunoblotting using an antibody that recognizes the EDA-containing domain specific to matrix FN. As shown in [Figure 8](#fig08){ref-type="fig"}, FN levels in rBP5-bound FN-coated wells were notably higher than those in vehicle treated FN-coated wells, confirming our previous observations \[[@b28]\] and establishing that IGFBP-5 can bind to FN and afford it protection from proteolytic activity. In the presence of conditioned media supplemented with PMSF and protease inhibitor cocktail-, but not EDTA-treated supernatants, FN levels in the ECM were higher, suggesting that FN was protected from degradation. Although degraded FN fragments could not be detected using the FN antibody, taken together, our results indicate that IGFBP-5-bound FN in ECM is protected from proteolytic degradation.

![ECM degradation assay. Cell culture wells were coated with human plasma FN. Recombinant IGFBP-5 (rBP5) or vehicle (Veh; 10 mM HCL) was added for an additional 16 hrs. Medium conditioned by primary fibroblasts was added to the wells in the presence or absence of the protease inhibitors PMSF, EDTA and PI (protease inhibitor cocktail). After 48 hrs, ECM was harvested and subjected to Western blot analysis.](jcmm0015-0957-f8){#fig08}

Discussion
==========

Our goal was to evaluate the association of Cav-1 and IGFBP-5 and the role of Cav-1 in IGFBP-5 internalization in lung fibroblasts and thus elucidate the pathogenic mechanism mediating fibrosis as a result of reduced Cav-1 expression. In primary fibroblasts, IGFBP-5 bound Cav-1 and both proteins translocated to the nucleus in IGFBP-5-expressing fibroblasts. Electron microscopy revealed the presence of IGFBP-5 and Cav-1 within aggregates in the nucleus. Caveolar disruption and Cav-1 silencing inhibited IGFBP-5 internalization. Conversely, restoration of Cav-1 function using Cav-1 CSD peptide facilitated cellular uptake of IGFBP-5 in Cav-1^−/−^ fibroblasts. Accumulation of secreted IGFBP-5 in the ECM of Cav-1^−/−^ fibroblasts increased as intracellular levels decreased. Steady-state mRNA levels of mouse IGFBP-5 increased in Cav-1^−/−^ fibroblasts, probably reflecting a compensatory mechanism in response to reduced intracellular levels of IGFBP-5 protein. Unlike mRNA levels, the degradation of IGFBP-5 in the extracellular milieu was similar in WT and Cav-1^−/−^ fibroblasts, suggesting that inhibition of proteolytic cleavage does not explain the increased extracellular deposition of IGFBP-5 in the absence of Cav-1.

In primary pulmonary fibroblasts, IGFBP-5 co-localized with Cav-1 and both proteins formed complexes. In addition, Cav-1 CSD peptide significantly increased the intracellular uptake of IGFBP-5, suggesting an interaction between the CSD peptide and IGFBP-5. In other words, IGFBP-5 might be a direct target of Cav-1 or could be an indirect target as a Cav-1-bound protein. In this regard, the consensus sequences of CSD peptide ligands have been identified \[[@b40]\]. The sequences, ϕXϕXXXXϕ, ϕXXXXϕXXϕ and ϕXϕXXXXϕXXϕ, where ϕ is any of the aromatic acids (F, W or Y) and X is any amino acid, are the first described as Cav-1 binding domains responsible for the interaction of Cav-1 with other proteins. Signalling molecules, G-protein receptors and growth factor receptors, including mitogen-activated protein (MAP) kinases, eNOS, endothelin R, epidermal growth factor (EGF)-R and IGFBP-3 that are known to be caveolin-associated proteins, contain these motifs \[[@b40], [@b41]\]. Broader consensus Cav-1 binding sequences, in which a hydrophobic amino acid (I, V or L) replaces aromatic acids in addition to F, W or Y, were subsequently reported \[[@b42]\]. We speculate that IGFBP-5 might be a direct target of Cav-1 since IGFBP-5 contains the sequence **I**C**W**CVDK**Y**^247^, an imperfect consensus sequence with homology to ϕXZXXXXϕ or ZXXXXϕXXZ, where Z stands for F, W, Y, I, V or L.

Nuclear translocation of IGFBP-3 and IGFBP-5 has been reported in vascular smooth muscle cells, T47D human breast carcinoma cells and Chinese hamster ovary cells \[[@b20], [@b24], [@b25]\]. Since inhibition of protein secretion abolished IGFBP nuclear localization, it was deduced that nuclear IGFBP-3 and -5 are derived from the secreted proteins \[[@b20], [@b41]\]. We have also reported that nuclear translocation of IGFBP-5 occurs in a time-dependent, MAPK-dependent and IGF-I independent manner \[[@b30]\]. The internalization and nuclear transport of IGFBP-3, a protein with significant homology to IGFBP-5 containing a nuclear localization sequence, is documented in a variety of cells and includes caveolin- and clathrin-dependent pathways \[[@b24], [@b25], [@b41]\]. However, pathways mediating the internalization of IGFBP-5 have not been reported, especially in primary cells such as fibroblasts. Our current study identified the caveolin pathway as a mediator of IGFBP-5 internalization in primary fibroblasts. It is not likely that the caveolin-dependent pathway is the sole mediator of IGFBP-5 uptake, since neither caveolar disruption nor absence of Cav-1 completely inhibited IGFBP-5 uptake. As both caveolin- and transferrin-mediated endocytosis are responsible for IGFBP-3 internalization \[[@b41]\], other pathways, including the transferrin-dependent classical pathway \[[@b43]\] and heparan sulphate proteoglycan-associated internalization \[[@b44]\] may also be involved in IGFBP-5 endocytosis. The latter is likely based on the ability of IGFBP-5 to interact with heparan sulphate proteoglycans \[[@b45]\].

Electron microscopy revealed the presence of cytoplasmic and nuclear aggregates composed mainly of IGFBP-5 in IGFBP-5-expressing fibroblasts. Interestingly, Cav-1 was also detected inside these aggregates, suggesting that they may have originated from the plasma membrane. This suggests a scenario whereby secreted IGFBP-5 was taken up into caveolae, which subsequently formed intracellular vesicle-like structures that trafficked to the nucleus. Our finding is in partial agreement with a recent report showing that IGFBP-5 is found in vesicular structures in T47D cells \[[@b37]\]. However, in this report, IGFBP-5-containing vesicles were not detected in the nucleus. Thus unlike the observations in T47D cells, we clearly show using electron microscopy that IGFBP-5 translocates to the nuclear compartment in inclusions that lack a membrane and are not true vesicles. The fact that IGFBP-5 forms multimers \[[@b46]\] may explain, at least in part, its ability to form aggregates. The differences between our observations and those of Jergeit *et al.* may be attributed to the cell types as they used immortalized cancer cell lines whereas we used primary fibroblasts, or the use of replication-deficient adenovirus to drive the expression of IGFBP-5 in our system. However the latter is unlikely as expression of IGFBP-3 using the same adenoviral construct did not result in the formation of vesicles or aggregates (data not shown). One of the limitations of immuno-electron microscopy used to confirm the presence of IGFBP-5 and Cav-1 in the nucleus is that detection of proteins is limited to those that are abundant as sections (70 nm) are notably thinner than those use for immunohistochemistry or immunofluorescence staining (6 μM). Thus, although few 10 nm gold particles identifying Cav-1were detected, the shear presence of these particles suggests that Cav-1 is abundant in the nuclei of IGFBP-5-expressing fibroblasts.

Although Cav-1 is a major membrane protein, our data demonstrate that Cav-1 is also localized in the nucleus. Several studies support our findings. For example, vascular endothelial growth factor (VEGF) induces nuclear translocation of Flk-1/KDR, eNOS and Cav-1 in vascular endothelial cells \[[@b47]\]. Increased nuclear localization of Cav-1 was also reported in human diploid fibroblasts in H~2~O~2~-induced premature senescence \[[@b48]\]. Furthermore, Dittmann *et al.* reported that Cav-1 dependent EGF-R internalization was induced by irradiation in a src-dependent manner, and subsequently Cav-1 and EGF-R were shuttled into the nucleus and induced DNA damage \[[@b49]\]. Likewise, Cav-1 mediates the internalization and nuclear compartmentalization of several proteins, and likely has a regulatory function. Thus, the role of nuclear Cav-1, in conjunction with the pro-fibrotic activity of IGFBP-5, is novel and warrants further exploration.

Since it has been reported that IGFBP-5 can interact with several ECM components, including FN, collagen and proteoglycans \[[@b28], [@b45], [@b50]\], we performed an ECM degradation assay to explore the effects that reduced Cav-1 levels and resulting increased extracellular IGFBP-5 deposition have on the fibrotic phenotype. Our results show that IGFBP-5 bound FN in the ECM and as a result protected FN from proteolytic degradation *in vitro*. Recently, decreased Cav-1 expression in skin and lung fibroblasts of patients with SSc and IPF has been reported \[[@b12], [@b13]\]. Furthermore, we have reported increased IGFBP-5 in fibroblasts, skin and lung tissues from patients with these same diseases \[[@b27], [@b28]\]. We now show that Cav-1 deficiency results in increased deposition of secreted IGFBP-5 in the ECM and that this IGFBP-5 can bind ECM components and prevent their degradation. Our findings establish a mechanism by which decreased Cav-1 and increased IGFBP-5 in concert promote the progression and perpetuation of fibrosis. We thus propose a scenario where SSc and IPF fibroblasts secrete IGFBP-5 \[[@b27], [@b28]\]. Secreted IGFBP-5 induces production of collagen and FN \[[@b29]\] and accumulates in the ECM due to inefficient internalization in fibrotic cells that have reduced Cav-1 levels \[[@b12], [@b13]\]. Extracellular IGFBP-5 binds components of the ECM and protects them from proteolytic degradation, thus perpetuating the accumulation of ECM components and supporting the fibrotic phenotype. In addition, we recently reported that IGFBP-5 has a chemoattractant activity and promotes the migration of mononuclear cells into lung tissues \[[@b29], [@b30], [@b32]\] and the transition of fibroblasts and epithelial cells to a myofibroblastic phenotype \[[@b29]--[@b32]\]. Both immune cell infiltration and the activation of fibroblasts into myofibroblasts are implicated in the development of fibrosis. Thus, IGFBP-5 contributes to the fibrotic phenotype *via* promoting the production and deposition of ECM components, protecting ECM components from degradation, the recruitment of mononuclear cells and fibroblasts, and the activation of fibroblasts.

Restoration of Cav-1 function using Cav-1 CSD peptide has been suggested as a potential therapeutic strategy in SSc and IPF patients \[[@b16]\], as Cav-1 inhibits TGF-β signalling by promoting the degradation of the TGF-β receptor and preventing Smad 2 phosphorylation \[[@b14]\]. Systemic administration of Cav-1 CSD peptide to bleomycin-treated mice dramatically inhibited epithelial cell apoptosis, inflammatory cell infiltration, activation of signalling molecules, and expression of ECM components \[[@b16]\]. In our study, treatment with Cav-1 CSD peptide induced rapid uptake of extracellular IGFBP-5, thus reducing extracellular levels of IGFBP-5. Taken together, these findings suggest that administration of Cav-1 CSD peptide may have beneficial effects in fibrosis. However, in contrast to fibroblasts, an increase of Cav-1 expression in endothelial cells was reported during lung fibrogenesis \[[@b10]\]. In addition, pulmonary artery smooth muscle cells from patients with idiopathic pulmonary arterial hypertension have increased Cav-1 levels which contributes to pulmonary artery smooth muscle cell proliferation and hypertrophy of the pulmonary vascular wall \[[@b51]\], an effect opposite the phenotype described in Cav-1 null mice \[[@b17], [@b18]\]. Thus, as for any potential therapy tested *in vitro* and *in vivo* in animals, a therapeutic approach using CSD peptide should be explored cautiously.

In summary, we show that IGFBP-5 is internalized *via* Cav-1 containing lipid rafts and traffics to the nucleus in vesicular-like inclusions. IGFBP-5 deposition in the ECM is accentuated in Cav-1-deficient lung fibroblasts, promoting the fibrotic phenotype by supporting the accumulation of IGFBP-5 in the extracellular milieu and its binding to components of the ECM, thus preventing their degradation. As decreased expression of Cav-1 in fibroblasts from SSc and IPF patients has been reported \[[@b12], [@b13]\], our findings provide new insights into mechanisms used by IGFBP-5 to induce and promote fibrosis and the role of Cav-1 in the compartmentalization and trafficking of IGFBP-5.
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